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In this study, R-123 flow boiling experiments were carried out to investigate the effects of
nanoparticle deposition on heater surfaces on flow critical heat flux (CHF) and boiling heat
transfer. It is known that CHF enhancement by nanoparticles results from porous struc-
tures that are very similar to layers of Chalk River unidentified deposit formed on nuclear
fuel rod surfaces during the reactor operation period. Although previous studies have
investigated the surface effects through surface modifications, most studies are limited to
pool boiling conditions, and therefore, the effects of porous surfaces on flow boiling heat
transfer are still unclear. In addition, there have been only few reports on suppression of
wetting for decoupled approaches of reasoning. In this study, bare and Al2O3 nanoparticle-
coated surfaces were prepared for the study experiments. The CHF of each surface was
measured with different mass fluxes of 1,600 kg/m2s, 1,800 kg/m2s, 2,100 kg/m2s, 2,400 kg/
m2s, and 2,600 kg/m2s. The nanoparticle-coated tube showed CHF enhancement up to 17%
at a mass flux of 2,400 kg/m2s compared with the bare tube. The factors for CHF
enhancement are related to the enhanced rewetting process derived from capillary action
through porous structures built-up by nanoparticles while suppressing relative wettability
effects between two sample surfaces as a highly wettable R-123 refrigerant was used as a
working fluid.
Copyright © 2015, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society.1. Introduction
Boiling is an effective heat transfer mode and has high heat
transfer capacity through phase transformation. Manyang).
d under the terms of the
ich permits unrestricted
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sevier Korea LLC on behathermal applications, including nuclear power plants, utilize
the phenomenon of boiling in their heat-removal processes.
However, the efficient boiling heat transfer is limited by a
sudden and drastic reduction of the heat transfer coefficientCreative Commons Attribution Non-Commercial License (http://
non-commercial use, distribution, and reproduction in any me-
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face, called critical heat flux (CHF). Beyond the CHF, the heated
surface will be exposed to only vapor environment, and it
could result in excessive heating and physical failure of the
heated surface, called burnout. Especially in nuclear reactors,
the CHF directly affects the integrity of the core. Thus, un-
derstanding CHF mechanisms and enhancing CHF provide an
additional safety margin for the reactor, and can also enable
power uprates in commercial nuclear power plants [1]. For a
pressurized water reactor (PWR), the main CHF mechanism is
departure from nucleate boiling (DNB) whose characteristics
are high mass flow rate and low quality. Thus, it is necessary
to understand the physical model of DNB to ensure the safety
of PWRs. The widely accepted models were proposed by
Weisman and Pei [2] and Lee and Mudawwar [3]. One is the
near-wall bubble crowding model based on enthalpy trans-
portation through the interface between the boundary layer
and the bulk core. The other is the liquid sublayer dryout
model, which introduces a liquid sublayer located between
the vapor blanket and the heated surface. In the liquid sub-
layer dryout model, the dry patch is generated from the vapor
blanket contacting the heated wall as a result of Helmholtz
instability. Near CHF, the dry patch spreads over the wall,
when the rate of sublayer mass loss by evaporation exceeds
that of the liquid entering the sublayer from the core region.
Many enhancement techniques have been introduced to
increase CHF in a nuclear reactor. Using nanofluid to increase
CHF is a relatively new method, which enhances the boiling
heat transfer and CHF [4]. Early studies using different nano-
fluids have reported significant enhancement of CHF in pool
boiling up to 200% [5e9]. CHF enhancement by nanofluids in
flow boiling, which is the condition of interest for nuclear
applications, has also been investigated [10e13]. Relatively few
studies about flow boiling using nanofluids have been re-
ported, compared to those about pool boiling, and the
maximum enhancement was lower than that of pool boiling
condition. The previous studies referred to a nanoparticles-
deposited layer on the heating surface as the main factor of
CHF enhancement. However, the mechanism of CHF
enhancement has yet to be clarified and is still under debate.
Although using nanofluid is as an effective technique to
enhance CHF inflow boiling, its feasibility for nuclear applica-
tionsseemstobe lowdueto itsstabilityanddeposition/cleaning
issues. Instead of the nanofluid, nanoparticle-coated heating
surfaceshavebeenconsideredasanalternativemethodforCHF
enhancement. In addition, the nanoparticle-coated heating
surface can be a more meaningful technique, because it has
similar characteristics with Chalk River unidentified deposits
(CRUDs) on the cladding surface in an actual nuclear reactor.
CRUDsarecorrosionproductsdepositedonthecladdingsurface
during the normal operation of a nuclear power plant [14,15].
These products form amicrostructured layer providing benefi-
cial effects on the boiling heat transfer coefficient and CHF. In
general, CRUD is a porous structure made of hydrophilic parti-
cles, which is similar to nanoparticle-coated structures [16].
Thus, investigation of nanoparticle-coated structures can be
extended to CRUD structures, leading to clear prediction of CHF
enhancement in actual nuclear reactors.
Few studies have focused on the CHF enhancement by
nanoparticle-coated surfaces in the flow boiling condition.Sarwar et al. [17] conducted a flow boiling experiment on a
coated surface. The authors coated Al2O3 and TiO2 nano-
particles inside a circular tube using the coating paint tech-
nique. The nanoparticle-coated surface showed a porous
structure, which is similar to depositions formed on the
heated surfaces in previous nanofluid-boiled experiments. In
addition, the measured CHFs were enhanced up to 25%
compared with those on the smooth tube. Truong et al. [18]
also precoated Al2O3 nanoparticles inside a tube to investi-
gate CHF enhancement. The test parameters included the
coating concentration of the nanofluid, coating heat flux, and
coating time. The maximum CHF enhancement occurred in
the condition of the highest coating concentration, coating
heat flux, and coating time with a value of 35%. Kim et al. [19]
measured the flow boiling CHFs in two conditions: Al2O3
nanofluid boiled through a plain tube and pure water boiled
through an Al2O3 nanoparticle-coated tube. In both cases,
CHFs were enhanced compared with CHF on a water-boiled
plain tube, and there was no big difference in CHF results
between the two conditions. These results confirmed that the
deposition of nanoparticles on the heating surface leads to
CHF enhancement.
While early studies mainly focused on wettability of the
heating surface for CHF enhancement, both the surface
morphology and wettability have been considered only
recently [11,13]. Because the surface characteristics are closely
coupled to each other, it is crucial that those parameters are
decoupled as much as possible. In that sense, we used
refrigerant R-123 as a working fluid for the CHF measurement
in this study. Although the refrigerant R-123 has been used
mainly for flow boiling in microtubes to investigate para-
metric effects and flow regime [20e22], this study used a
millimeter-sized cylindrical tube to investigate the CHF
enhancement mechanism. The highly wettable characteristic
of the refrigerant was expected to suppress the wettability
effect of the nanoparticle-coated heating surface on the CHF,
and therefore, surface morphology including porosity and
roughness was assumed to be responsible for CHF enhance-
ment [23]. Finally, in this study, CHF enhancement on an Al2O3
nanoparticle-coated surface was measured with different
mass flux conditions, and its mechanisms were analyzed
based on previous CHFmodels in terms of the liquid sublayer.2. Experimental procedure
A schematic diagram of the experimental facility is shown in
Fig. 1. The flow loop consists of a test section, a pump, a
flowmeter, a preheater, a condenser, and a fluid reservoir. A
controlled volume pump is used for a low mass flow rate
ranging from 0.037 to 0.061 kg/s. The corresponding mass flux
is in the range from 1,600 kg/m2s to 2,800 kg/m2s. The gear
flowmetermeasuresmass flow rate using rotating gears in the
liquid flow. After passing the mass flowmeter, the coolant
flows to the preheater tomaintain constant inlet temperature.
The condenser has a capacity of 11 kW, which is enough to
remove applied heat from the test section.
Stainless steel 316L tubes of 5.45-mm inner diameter were
used as the test heaters. The heating length is 280 mm. The
Fig. 1 e Schematic diagram of the testing apparatus.
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26C at atmospheric pressure. The detailed test matrix of the
experiment is listed in Table 1. The fluid temperatures at the
inlet and outlet of the test section were measured by K-type
thermocouples, which were connected to a data-acquisition
system. Another five K-type thermocouples were installed to
measure the outer wall temperatures of the tube. CHF occurs
near the exit of the test section due to axially uniform heat
flux. When a wall temperature excursion takes place, the heat
flux value at that point becomes the CHF. The determination
of CHF based on the wall temperature excursion is shown in
Fig. 2.Table 1 e Test matrix of the experiment.
Test section characteristics
Geometry Stainless steel 316L cylindrical tube
Outer diameter 6.35 mm
Inner diameter 5.45 mm
Heated length 280 mm
Surface conditions
Bare e
Coated 900-s quenching with 0.01 vol%
Al2O3 nanofluid
Vertically upward flow
Pressure 1 bar
Mass flux 1,600 kg/m2s, 1,800 kg/m2s,
2,100 kg/m2s, 2,400 kg/m2s, and
2,600 kg/m2s
Inlet subcooling 5C
Working fluid R-123
Density 1,460 kg/m3 (liquid)
6.41 kg/m3 (vapor)
Latent heat 170.2 kJ/kg
Heat capacity 1.026 kJ/kgK3. Data reduction and uncertainties
The voltage, current, inlet and outlet fluid temperatures, wall
temperature, and inlet and outlet pressures were measured.
The electrical input power applied to the test section was
determined with measured voltage and current from the
power supply:
Qnet ¼ V  I (1)
The inner wall temperature of the test section is calculated
as follows:
Twall ¼ Twall;out  _Qnet
lnðD0  DiÞ
2pLeff;hkc
(2)
where the actual CHF corresponding to the inner surface area
of the test section is expressed as follows:
q
00
eff ¼
P
pDiLeff;h
(3)
Finally, the exit quality can be calculated with the mass
flow rate and net power derived from the phase change as
heat balance:
Xe ¼ 1hfg
"
_Qnet
_mf
 cp;f ðTsat  TinÞ
#
(4)
The uncertainties of temperature and flow rate are less
than ±0.5 C and ±5%, respectively. In addition, the un-
certainties in the electrical voltage, current, inner diameter,
and length of test section are estimated to be ±0.3%, ±0.08%,
±0.1%, and ±1%, respectively. Finally, the uncertainty in the
CHF is evaluated as follows:
Uq00
q00 ¼
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(5)
Fig. 2 eWall temperature and heat flux history in a typical critical heat flux (CHF) run.
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CHF is less than ±1.05%.4. Characterization of nanoparticle-coated
surface
In general, the major parameters to characterize a surface
treatment are wettability, roughness, and porosity, as well as
permeability and capillarity. The capillary action or capillarity
relationship depends on the interaction of wettability, pore
structure, initial saturation, and saturation history, which is
liquid distribution inside the pore structure [24]. No simple
relationship exists that relates the capillary pressure deter-
mined at two different wettabilities. The surface effects on
boiling heat transfer and CHFmechanisms are summarized in
Table 2.
In this study, nanoparticles were coated on the inner sur-
face of a tube at a quenching facility at Ulsan NationalTable 2 e Summary of the major surface parameters on boilin
Surface parameters Characteristics
Wettability Determines the wetting zone on the surface
Roughness Affects the number of active nucleation site
Increases active boiling center
Amplifies for wettability
Porosity Increases the nucleation site density
Enhances transport of liquid between nucle
Thick porous layer can provide additional th
Permeability The property of pore structure that is an indi
fluids to flow through the structure
Capillarity Affects liquid supply to the dry patches on t
capillary actionInstitute of Science and Technology (UNIST). Previous studies
with the quenchingmethod at UNIST have shown the stability
and maintenance of the nanoparticle-coated structure inside
the tube [25]. Nanofluids (0.01 vol%) were injected at a flow
rate of 3 cm/s into the preheated test section (600e650C) to
deposit the nanoparticles on the inner surface of the test
section. The circulation of nanofluids lasted for 900 seconds.
The boiling process induces the coating of nanoparticle on the
test section. The adhesion force is significant to maintain the
deposition of nanoparticles on the surface against the flow of
water.
Fig. 3 shows scanning electron microscopy images of the
bare and nanoparticle-coated test sections. Compared with
the bare surface in Fig. 3A, Al2O3 nanoparticles-coated sur-
faces show a number of pores on the surface as shown in
Fig. 3B. In addition, from Fig. 3B and C, it is certain thatmost of
the deposited nanoparticles remained for all the experiments.
From the perspective view of the nanoparticle-coated surface
shown in Fig. 4, the nanoparticle-coated test section shows a
very rough and porous structure on the bare surface.g heat transfer and critical heat flux mechanism.
Quantification (measurement)
, rewetting Contact angle ()
s on the surface Surface's vertical deviation (m)
ation sites
ermal resistance
Void fraction
cation of the ability of gases or Forced liquid flow (m2)
he surface induced by the Capillary height or length (m)
Fig. 3 e Scanning electron microscopy images of bare and
Al2O3 nanoparticle-coated surface: (A) bare surface; (B)
Al2O3 nanoparticle-coated surface before the experiment;
(C) Al2O3 nanoparticle-coated surface after the experiment.
Fig. 4 e Cross-sectional view of Al2O3 nanoparticle-coated
surface using the FIB technique.
Fig. 5 e Static contact angle of R-123: (A) bare surface; (B)
Al2O3 nanoparticle-coated surface.
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surfaces were used to measure the static contact angle. The
static contact angle for the bare surface was 20.5, whereas
those for the nanoparticle-coated surfaces were 22.3. This
indicates that R-123 shows very high wetting performance on
both bare and nanoparticle-coated tubes. Themeasured static
contact angles are shown in Fig. 5.5. Results and discussion
In this paper, the effects of deposition of nanoparticles on flow
boiling CHF using R-123 were investigated. The mass flux
conditions (G) are 1,600 kg/m2s, 1,800 kg/m2s, 2,100 kg/m2s,
2,400 kg/m2s, and 2,600 kg/m2s at the inlet subcooled tem-
perature of 5C. Based on the liquid sublayer model, CHF
enhancement by nanoparticle-coated surface is analyzed.
Fig. 6 e Boiling curves for bare tube and Al2O3-coated tube
at G ¼ 1,600 kg/m2s. CHF, critical heat flux.
Fig. 8 e Boiling curves for bare tube and Al2O3-coated tube
at G ¼ 2,100 kg/m2s. CHF, critical heat flux.
Fig. 9 e Boiling curves for bare tube and Al2O3-coated tube
at G ¼ 2,400 kg/m2s. CHF, critical heat flux.
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on the bare and nanoparticle-coated heaters at the givenmass
fluxes. Heat flux versus wall temperature was plotted at each
mass flux. The boiling curves obtained at differentmass fluxes
are shown in Figs. 6e10. As the mass flux increased, the heat
transfer coefficient, which refers to the slope of the boiling
curve, also increased. However, near the CHF point, the heat
transfer coefficient decreased and then became almost zero
slope after the CHF point where the wall temperature kept
increasing with constant heat flux. At the higher mass flux
conditions over 2,100 kg/m2, the heat transfer coefficients
increased for the Al2O3 nanoparticle-coated tube compared
with those for the bare tube. The increase in the heat transfer
coefficients was up to 50% for the Al2O3 nanoparticle-coated
tube compared with those for the bare tube at G ¼ 2,100 kg/
m2. Because the heat transfer coefficient is highly dependent
on surfacewettability and coating layer thickness, and slightlyFig. 7 e Boiling curves for bare tube and Al2O3-coated tube
at G ¼ 1,800 kg/m2s. CHF, critical heat flux.
Fig. 10 e Boiling curves for bare tube and Al2O3-coated tube
at G ¼ 2,600 kg/m2s. CHF, critical heat flux.
Fig. 11 e Critical heat flux of R-123 on the bare and Al2O3
nanoparticle-coated test sections with mass flux.
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heat transfer coefficient for the coated tube may be attributed
to the porous structure formed by Al2O3 nanoparticles.
The CHF data obtained on bare and nanoparticle-coated
surfaces according to mass fluxes are shown in Fig. 11. As
the mass flux increases, CHF increased due to the larger heat
capacity and better liquid supply of fluid. The parametric trend
is also shown for the nanoparticle-coated surface. Interest-
ingly, for all mass flux conditions, the CHFs were enhanced on
the Al2O3 nanoparticle-coated surfaces compared with the
bare surface, even when the coating layer thickness is in the
nano-scale level, approximately 300 nm. The nanoparticle-
coated surface shows CHF enhancement up to 17%
compared with the bare surface for each corresponding mass
flux condition. Considering the high wettability performance
of R-123, those CHF enhancements are attributed to structural
changes, especially porous structures formed by deposited
nanoparticles. Fig. 12 shows the flow boiling CHF enhance-
ment ratios, which are defined as the ratio of CHF on the Al2O3Fig. 12 e Critical heat flux (CHF) enhancement ratio of
R-123 with mass flux.nanoparticle-coated surface to CHF on the bare surface, with
an increasing mass flux from 1,600 kg/m2s to 2,600 kg/m2s.
Based on the sublayer dryout model [3], interruption of
liquid supply to the sublayer enlarges the dry patches leading
to CHF. Then, maintenance of liquid supply to the sublayer
after detaching the vapor bubble, called the rewetting process,
can delay CHF. Assuming the liquid supply is pumped by
capillary force and gravitational force, the pressure drop by
the liquid flow through the pores can be modeled using the
DarcyeErgun momentum relation [27,28]:
Vpl þ rlbg  mlK 〈bul〉 CEK1=2 rlj〈bul〉j〈bul〉 ¼ 0 (6)
where pl is the liquid pressure, rl is the liquid density, ml is the
dynamic viscosity of liquid, <ul> is the volume-averaged
liquid velocity vector through the liquid-saturated region
within the porous-layer coating, K is the media permeability,
and CE is the Ergun coefficient. K and CE are defined by the
CarmeneKozeny model:
K ¼ ε
3d2
180ð1 εÞ2 (7)
CE ¼

0:018
ε
3
1=2
(8)
where ε is porosity, and d is the diameter of porous particles.
To reduce the DarcyeErgun momentum relation to a
function of porous structure, the Leverett J-function was
introduced. The Leverett J-function expresses the capillary
pressure through a porous stack using the liquid saturation (s),
porosity, permeability, and wettability [27].
pg  pl ¼ pc ¼ JðsÞs cos qcZðqcÞðK=εÞ1=2
¼ CJ sðK=εÞ1=2
(9)
where pg is the vapor pressure, pc is the capillary pressure, s is
the surface tension of the liquid, qc is the contact angle, Z(qc) is
the Melrose function assumed to equal 1, and J(s) is the Lev-
erett function assumed to have a constant value of 0.53 [28].
Because capillary force becomes dominant in porous
media, neglecting gravitational force produces the liquid ve-
locity through the porous media:
〈bul〉 ¼ K1=22CErl
24 m2l
K2
þ 2:12CErls
K1=2ðK=εÞ1=2lm
!1=2
 ml
K
35 (10)
Finally, the local rate of liquid supply from the porous layer
to the heating surface is given as follows:
_m ¼ rlApo〈ul〉 (11)
Based on the local energy balance between liquid entering
the microporous layer and the sublayer, and the rate of the
liquid depletion, the local CHF occurrence is defined as follows
[29]:
q
00
CHFAw
hfg
¼ rl〈ul〉dml þ rl
K1=2
2CErl
24 m2l
K2
þ 4CErlCJs
K1=2ðK=εÞ1=2lm
!1=2
 ml
K
35
εdpl
(12)
Using the assumption of porosity and the diameter of
porous particles as 0.6 nm and 250 nm, respectively, the
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of R-123 through the porous structure is 2.7 kW/m2 from Eq.
(12). The measured CHF enhancements are in the range of
17e44 kW/m2 with increasing mass flow rate. The CHF value
predicted by Yang's model shows a difference with the
measured CHF value. Because the existing model was devel-
oped using the pool boiling concept, a modified model
considering bulk liquid flow is needed to better predict CHF
enhancement by porous structure. Because the bulk liquid
velocity can determine the pressure difference through the
porous media, it is suggested that the capillary pressure
functionmay contain a bulk liquid velocity factor in itself like:
pc ¼ 0:53 sðK=εÞ1=2
fðulÞ (13)
where f(ul) is a multiplier factor function of bulk liquid
velocity.
Because of the insufficient experimental data and quanti-
fication of each parameter, a clearer explanation of the
enhanced rewetting process by nanoparticles deposited on
the surface could not be achieved exactly despite almost the
same order of around 101 kW/m2. With consideration of the
bulk liquid velocity factor, further studies on CHF data for the
various types of fluid and surface, and clear quantification of
surface parameters such as porosity and the diameter of
porous particles will be desirable.
The CHF enhancement phenomena in R-123 refrigerant on
a bare andAl2O3 nanoparticle-coated heater were investigated
according to mass flux. The nanoparticle-coated surface
shows little difference in heat transfer coefficient, while CHF
was enhanced up to 17% compared with the bare surface.
Because of the high wettability of R-123 working fluid, the
porosity and capillarity were assumed to be the key parame-
ters for CHF enhancement. The porous structure of nano-
particles deposited on the surface provides the enhancement
of the rewetting process induced by increased capillary action.
The CHF value predicted by the existing theoretical model
using capillary action through porous structure shows a dif-
ference with the measured CHF value. Because the existing
model was developed using the pool boiling concept, a
modified model considering bulk liquid flow is needed to
better predict CHF enhancement by porous structures. Further
studies on CHF data for the various types of fluid and surface
and clear quantification of surface parameters such as
porosity and the diameter of porous particles are needed.
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